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Abstract
Solubilization of heavy bovine heart mitochondria with Triton X-100 leads to the selective extraction of F0F1ATP synthase monomer and
dimer in a 2:1 ratio, as revealed by blue native gel electrophoresis (BN-PAGE). Second dimensional SDS-PAGE and immunoblotting with
IF1 and F1 antibodies following BN-PAGE show that both aggregation states of the ATP synthase contain IF1. The monomer/dimer ratio does
not change in extracts from mitochondria subjected to different energy conditions accompanied by IF1 binding modulation or from
submitochondrial particles differing in IF1 content. In addition, the usual monomer/dimer ratio is observed even in submitochondrial particles
deprived of IF1. Histochemical staining for ATPase activity demonstrates that the dimer is inactive, irrespective of its IF1 content. It is
concluded that in the membrane of bovine heart mitochondria the ATP synthase dimer is a stable inactive structure, whose formation is not
mediated by IF1 binding.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
F0F1ATP synthase (Complex V) is the universal enzyme
that couples downhill proton flow across membranes to ATP
synthesis. The enzyme consists of a soluble component F1,
containing the catalytic sites, and a membrane-spanning
component, F0, comprising the proton channel, linked by
a central and a peripheral stalk. It is now widely believed
that proton motive force generates F0 rotation that evokes
rotation of the central stalk in 120j steps. This latter forces
the three catalytic sites of F1 to undergo conformational
changes associated with substrate binding and product
release. The peripheral stalk acts as a stator to counter the
tendency of the static parts in F0 and F1 to follow the
rotation of the central stalk [1,2].
In the enzyme purified from bovine heart, the central
stalk contains the g, y and q subunits of F1 and penetrates
into the static assembly of three a-subunits and three h-
subunits [2]. Both a- and h-subunits bind nucleotides, but
only the h-subunits contain the catalytic sites. The F0 sector
is a complex of nine polypeptides named a, b, c, d, e, f, g,
A6L and F6 [3], among which subunits b, d, F6, together
with OSCP-subunit, are likely to contribute to the peripheral
stalk while the oligomer of subunit c is arranged in a ring
probably constituting a rotor assembly [4]. In addition to
these subunits, the mitochondrial enzyme contains the
inhibitory protein IF1, a basic protein that reversibly binds
to one of the three h subunits by inhibiting the enzyme [5].
IF1 binds in response to decrease of pH and/or transmem-
brane potential, conditions that occur under energy defi-
ciency, like ischemia [6,7].
Recently, it has been shown that purified bovine IF1
occurs in solution as a dimer, [8] and that active dimeric IF1
can bind two F1 molecules simultaneously [9,10]. It has
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been suggested that dimerization of F1 as a result of IF1
binding might be a way of regulating the activity of the ATP
synthase complex [9]. More recently, an equilibrium has
been proposed to exist between the dimeric and monomeric
forms of IF1–F1 in solution, depending on the protein
concentration. Nevertheless, evidence has been provided
that full inhibition could be achieved without obligatory
dimerization of IF1–F1 [11]. These works were carried out
with the solubilized F1 and IF1 moieties, and the relevance
of the dimeric form IF1–F1 to the function of the ATP
synthase complex within a mitochondrial membrane was
not demonstrated.
Using a mild detergent lysis procedure followed by blue
native gel electrophoresis (BN-PAGE), Schagger et al.
[12,13] have demonstrated the presence of a mixture of
monomeric and dimeric forms of the ATP synthase in
detergent extracts of yeast and bovine mitochondria. A
dimeric state seems to be specific for mitochondria, as in
bacteria and in chloroplasts the ATPsynthase dimer has not
been observed [14]. Nevertheless, the conditions for dime-
rization, as well as the functional role of the dimer, are still a
matter of debate, mainly in mammalian systems.
The current study sets out to investigate the possible
regulatory role of the membrane dimerization state of the
ATP synthase and its relationship to IF1 binding in bovine
heart mitochondria. We separate the dimeric from the mono-
meric state of ATP synthase by BN-PAGE upon solubiliza-
tion with Triton X-100. The catalytic activity is evaluated by
histochemical staining, and the IF1 quantity bound to F1 is
determined by immunoblotting. It is demonstrated that the
ATP synthase dimer is unable to catalyse ATP hydrolysis,
although its formation is independent of IF1 binding.
2. Materials and methods
2.1. Chemicals
Serva Blue G (Coomassie Blue) was supplied by Serva,
n-dodecylmaltoside (DDM) by Boehringer, Triton X-100 by
Merck, 6-aminocaproic acid by Fluka, acrylamide and bis-
acrylamide by Bio-Rad. All other chemicals, dyes and
enzymes were supplied by Sigma-Aldrich.
2.2. Preparation of mitochondrial membranes
Heavy bovine heart mitochondria are isolated as in Ref.
[15]. Respiratory control ratio, determined as in Ref. [16], is
2.8F 0.2 with succinate + rotenone as substrate. Mg-ATP, A
or AS particles are prepared from heavy mitochondria as in
Refs. [15,17]. AS particles are incubated with purified IF1 as
in Ref. [18]. Taking into account the concentration of F1
binding sites in AS particles [17], 50% and 85% of ATPase
activity inhibition is obtained at F1/IF1 molar ratios of 1:1.5
and 1:6, respectively. F1 and IF1 are purified as in Refs.
[18,19], respectively.
2.3. Electrophoretic, histochemical and immunochemical
techniques
The method of sample preparation for BN-PAGE is a
modified version of Ref. [20]. Heavy mitochondria either
freshly prepared (when specifically indicated) or stored at
 80 jC and thawed no more than one time are used. Mg-
ATP and A particles are freshly prepared for each experi-
ment, while AS particles are stored at  80 jC and thawed
only one time. Heavy mitochondria, Mg-ATP particles, A or
AS particles, are suspended at 12.5 mg/ml mitochondrial
protein in Triton X-100 at 0.4–3.3 mg of detergent per
milligram protein in 0.75 M 6-aminocaproic acid, 50 mM
Bis/Tris pH 7.0, or at 10 mg/ml mitochondrial protein in
DDM at a 1.8:1 (w/w) ratio of detergent to protein in 1 M 6-
aminocaproic acid, 50 mM Bis/Tris pH 7.0. The suspen-
sions are prepared on ice, those treated with Triton are
immediately centrifuged at 100,000 g for 25 min at 4 jC,
while those added with DDM are incubated as in Ref. [20]
before the centrifugation. The supernatants are supple-
mented with Coomassie Blue G and rapidly applied to a
5–11% polyacrylamide gradient native gel for first-dimen-
sional electrophoresis (1D BN-PAGE), as in Ref. [20].
Immediately after electrophoresis, the gels are stained with
Coomassie Blue G or are exposed to enzymatic colorimetric
reactions for ATP synthase as in Ref. [21]. Molecular
weights of the ATP synthase complexes extracted by Triton
X-100 are estimated using complexes I–V extracted by
DDM as standards [12]. The banding patterns are scanned
using a LKB Ultroscan XL densitometer with or without a
blue filter for activity- and Coomassie-stained complexes,
respectively [21]. For two-dimensional resolution by 17%
SDS-PAGE (2D SDS-PAGE), the individual bands are
excised. Following electrophoresis, the proteins are silver
stained or blotted onto nitrocellulose membrane and incu-
bated with polyclonal antibodies anti a- and h-subunits of
F1, raised in rabbit against beef heart F1 (kindly provided by
Prof. F. Dabbeni-Sala University of Padua, Italy), or with
polyclonal anti IF1 antibodies, raised in rabbits against beef
heart IF1. ATP hydrolysis rate is measured spectrophoto-
metrically in the presence of an ATP-regenerating system
[6]. Protein concentration is determined according to Lowry
(membrane proteins) [22], or Bradford (detergent solubi-
lized proteins) [23].
3. Results
3.1. Analysis of the monomeric and dimeric forms of ATP
synthase from bovine heart mitochondria
Heavy bovine heart mitochondria were solubilized with
DDM (1.8 mg/mg mitochondrial protein), or with Triton X-
100 (2.5 mg/mg), and applied to 1D BN-PAGE. The protein
profiles obtained (Fig. 1A) clearly indicate that the solubi-
lizing properties of the two detergents are different. As
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previously reported [20], DDM solubilizes all OXPHOS
complexes, among which the monomeric form of complex I
(Imon) and of ATP synthase (Vmon) and the dimer of
complex III (IIIdim) are particularly evident. On the con-
trary, when Triton was used only two major bands are
revealed, one of which has the same molecular mass as
Vmon, with the other showing an apparent molecular
weight about double.
Resolution of the subunit composition of these two bands
by 2D SDS-PAGE (Fig. 1B) shows them both to contain the
F1 and F0 sector of the ATP synthase. Negligible contam-
ination of subunits of the respiratory chain complexes is
found. This demonstrates that the two bands seen on 1D
BN-PAGE after Triton extraction represent the dimer
(Vdim) and monomer (Vmon) of the Complex V. In
addition, our analysis failed to reveal any difference in
subunit composition between Vmon and Vdim. This is in
contrast with the observations in yeast mitochondria, where
the subunit e and the putative subunit g homolog, together
with the novel subunit k of F0, appeared to be dimer-
specific, with these subunits playing a central role in the
dimerization [12].
The densitometric analysis of 1D BN-PAGE of mito-
chondrial extracts (n = 5) reveals that Vdim is constantly
Fig. 1. Characterization of ATP synthase monomer and dimer in heavy
bovine heart mitochondria by BN-PAGE. (A) The OXPHOS complexes of
heavy bovine heart mitochondria, solubilized with DDM (lane 1) or with
Triton X-100 (lane 2), were resolved on 1D BN-PAGE and stained with
Coomassie. In lane 1, the position of the monomeric forms of complex I
(Imon) and of ATP synthase (Vmon) and the dimer of complex III (IIIdim)
are indicated by arrows. In lane 2, the arrows indicate the dimeric (Vdim)
and monomeric (Vmon) states of ATP synthase. (B) The bands
corresponding to Vmon and Vdim, resolved as in (A)-lane 2, were excised
and analyzed in silver-stained 2D SDS-PAGE. The subunit composition of
ATP synthase is indicated according to Ref. [3].
Fig. 2. Histochemical staining of ATPase activity of the two oligomeric states of ATP synthase extracted with Triton X-100 from heavy bovine heart
mitochondria. Heavy bovine heart mitochondria were solubilized with Triton X-100 and different volumes of the extracts containing 5 Ag (lanes 1 and 2) or 10
Ag (lanes 3 and 4) of protein were loaded on 1D BN-PAGE. The gel was exposed to the histochemical staining for ATPase activity (A) or stained with
Coomassie (B). Abbreviations are as in Fig. 1. The banding patterns of (A) were scanned using a densitometer with a blue filter, as specified in Materials and
methods. (C) The areas of the Coomassie- and activity-stained Vmon obtained from the densitometric analysis of different gels (n= 3) were correlated to the
protein quantity loaded to the gel. The straight lines represent the linear correlation.
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present and represents 37F 8% of the total quantity of ATP
synthase. Densitometry also shows that the amount of
Vmon solubilized with DDM corresponds to the sum of
Vmon and Vdim extracted with Triton.
Using Triton/protein ratios between 1.6 and 3.3 mg/mg,
very little difference was observed in either the total protein
recovered or the Vmon/Vdim ratio, indicating a rather stable
association of Vdim. At Triton concentrations lower than 1.6
mg/mg, the total recovery of complex V decreased, while at
Triton concentration higher than 3.3 mg/mg the respiratory
complexes were progressively extracted (data not shown).
Then, in view of the selective and quantitative recovery of
both forms of the ATP synthase, a Triton concentration of 2.5
mg/mg was routinely used. Moreover, the samples added
with Triton were immediately centrifuged, because we
observed that incubation of mitochondria with Triton on ice
increased the Vmon/Vdim ratio (data not shown).
The ATPase activity of the detergent-solubilized ATP
synthase preparations was measured in free solution. The
mean values obtained were 8.8F 0.2 U/mg protein in the
Triton extracts, and 7.3F 0.6 U/mg protein in the DDM
extracts (n = 3 in each case). However, since only 50F 3%
of the protein in the DDM extracts is the ATP synthase (Fig.
1A), the value for activity in the DDM extract can be
estimated as 14–15 U/mg ATP synthase. Hence, the mean
hydrolytic activity of ATP synthase in the Triton extract is
around 60% of its activity in the DDM extract.
To investigate the functional coupling of the enzyme
after detergent extraction, inhibition of hydrolysis by two F0
specific inhibitors were tested, viz. oligomycin, which binds
to subunit a [24], and DCCD, which binds to subunit c [25].
The Triton-extracted enzyme shows sensitivity to both
oligomycin (86% inhibition) and DCCD (72% inhibition),
while the DDM extract is oligomycin sensitive (92%) but
has lost sensitivity to DCCD (5% inhibition). It is tempting
to hypothesize that the better structural coupling of the
enzyme in Triton extract with respect to DDM may permit
the maintenance of the dimeric form.
A histochemical stain was used to test the activities of the
monomeric and dimeric forms after separation by 1D BN-
PAGE. The ATPase activity is detected in the Vmon band
only, while the dimer appears to have a very low or zero
specific activity over a range of protein concentrations (Fig.
2). For Vmon, densitometric analysis revealed that the
amount of both activity- and Coomassie-stained complex
varies linearly with the amount of protein added between 5
and 30 Ag (Fig. 2), showing that even a small level of
activity in the Vdim band would be detected.
The inactivity of the dimer seems not to be due to IF1,
since its content is similar in the monomeric and dimeric
forms of ATP synthase (Fig. 3). The IF1 and F1 content was
obtained after resolving in 2D SDS-PAGE the F1–F0 sub-
units of Vmon and Vdim bands separated by 1D BN-PAGE
and blotting with anti F1 and IF1 antibodies (Fig. 3A,B,
lanes 4 and 5). F1 and IF1 purified from beef heart were
chosen as standards (Fig. 3A,B, lanes 1–3) and calculations
to obtain the IF1/F1 molar ratio were made assuming a Mr
380,000 and 10,000 for F1 and IF1 [5], respectively. Densi-
tometric analysis of the immunocomplexes of different
mitochondrial preparations (n = 3) revealed that in Vmon,
the amounts of F1 and IF1 are 0.22F 0.03 and 0.19F 0.02
nmol/mg of starting mitochondrial protein, respectively,
thus resulting to an IF1/F1 ratio of 0.86. In Vdim,
0.12F 0.03 nmol of F1 and 0.09F 0.02 nmol of IF1/mg
of starting mitochondrial protein were found, thus obtaining
an IF1/F1 ratio of 0.75. The sum of the quantities of either
IF1 or F1 associated to Vmon and Vdim resulted roughly
identical to the respective quantities detected in the Triton
extracts directly subjected to SDS-PAGE and immunoblot-
ting (Fig. 3A,B, lane 6), where the amounts are 0.30F 0.04
for IF1 and 0.31F 0.04 for F1 nmol/mg of starting mito-
chondrial protein. This indicates that BN-PAGE does not
alter F1 and IF1 content of the enzyme. The aggregation
form of IF1 in Vmon and Vdim cannot be determined by 2D
SDS-PAGE and immunoblotting. Nevertheless, in some
experiments, the presence of the dimeric form of IF1 both
in Vdim and Vmon was observed, although the ratio was
variable. A similar behaviour has been already reported
[26].
Fig. 3. Detection of F1 and IF1 content in ATP synthase monomer and dimer
from heavy bovine heart mitochondria by immunoblotting. Heavy bovine
heart mitochondria were solubilized with Triton X-100 and subjected to 1D
BN-PAGE. The resolved bands corresponding to Vmon and Vdim were
excised and analysed, after 2D SDS-PAGE, by immunoblotting with
antibodies anti-F1 (A) and anti-IF1 (B). Solutions of purified F1 (A) or IF1
(B) were used as standards. (A) Lanes 1, 2, 3: 0.5–1.0–2.0 Ag of F1,
respectively; lanes 4, 5: Vmon and Vdim bands excised from 1D BN-PAGE
lanes loaded with 6 Ag of Triton X-100 extract; lane 6: 6 Ag of Triton X-100
extract directly loaded to 2D SDS-PAGE. (B) Lanes 1, 2, 3: 0.015–0.03–
0.06 Ag of IF1, respectively; lanes 4, 5: Vmon and Vdim bands excised
from 1D BN-PAGE lanes loaded with 6 Ag of Triton X-100 extract; lane 6:
6 Ag of Triton X-100 extract directly loaded.
L. Tomasetig et al. / Biochimica et Biophysica Acta 1556 (2002) 133–141136
3.2. Effects of IF1 content on ATP synthase dimerization
To further investigate the role of IF1 in dimerization of
the ATP synthase, mitochondrial membrane preparations
with different IF1 contents were extracted with the deter-
gents. Mg-ATP particles are a preparation of the inner
mitochondrial membrane particularly rich in IF1 [15]. They
were obtained by sonication of mitochondria at pH 7.4 in
the presence of Mg-ATP, conditions that favour F1–IF1
association. 1D BN-PAGE stained with Coomassie shows
that DDM extraction yields only the monomer of the ATP
synthase (Fig. 4A, lane 1), while Triton extraction yields
both Vmon and Vdim (Fig. 4A, lane 3). 2D SDS-PAGE of
Vmon and Vdim extracted by Triton (Fig. 4B, lanes 1 and 2)
demonstrate that they are composed almost exclusively by
the subunits of the F0 and F1 sector. The two forms are
present in a similar ratio to that seen in intact mitochondria.
Thus, in membrane preparations, as in whole mitochondria,
a mixture of monomeric and dimeric ATP synthase is
present. In addition, the histochemical stain shows that only
Vmon is active in both detergents and that its specific
hydrolytic activity is similar (Fig. 4C, lanes 3 and 4). In
fact, the activity staining is markedly higher in Vmon of the
DDM extract, where the protein quantity is consistent with
that of the sum of Vmon and Vdim in the Triton extract.
Hence, histochemical staining roughly correlates to Coo-
massie staining.
Sonication of mitochondria at pH 9.2 to prepare the A
particles determined an activation of the ATP synthase
consequent to a partial release of IF1 [17]. In accordance,
the ATPase activity measured in free solution of the A and
Mg-ATP particles was 2.9F 0.2 and 1.2F 0.2 U/mg,
respectively (n = 3 in each case). The activity ratio between
the two kinds of particles was not modified by the
extraction with both of detergents (data not shown). How-
ever, both in A and Mg-ATP particles, the ATPase activity
of the Triton extracts was about 40% lower than that of
DDM extracts, as already observed in whole mitochondria.
1D BN-PAGE stained with Coomassie (Fig. 4A, lane 4)
shows that Triton extraction yields both Vmon and Vdim
in the same ratio determined in Mg-ATP particles, thus
supporting the hypothesis that the formation of Vdim is
independent of IF1 content. As already shown, DDM
extracted only the monomeric form of the ATP synthase
(Fig. 4A, lane 2). Immunoblotting with IF1 and F1 anti-
bodies of the particles extracted with Triton (Fig. 4D)
demonstrates that the ATPase activity increase is actually
due to IF1 release. In fact, the densitometric analysis of
immunocomplexes of submitochondrial preparations (n = 3)
indicated that the total quantities of IF1 and F1, associated
to both Vmon and Vdim, is 0.55F 0.05 and 0.88F 0.05
mol IF1/mol F1 in the A and Mg-ATP particles, respec-
tively, being the total F1 content 0.47 nmol/mg protein in
both particles. Concomitantly, the histochemical staining
shows a marked increase in the ATPase specific activity of
Vmon extracted from the A particles (Fig. 4C, lanes 1 and
2) with respect to that detected in Vmon of the Mg-ATP
particles in both detergent extracts. Then, activity staining
of Vmon is inversely related to IF1 content, being con-
sistent with the expression of ATPase activity by Vmon
occurring only in those complexes lacking IF1. Hence, it is
inferred that both Triton and DDM do not significantly
modify the inhibitory activity of IF1 bound to ATP
synthase in membrane. In addition, as already shown in
the Mg-ATP particles, no enzymatic activity of Vdim was
found, while the ATPase activity staining of Vmon was
significantly higher in DDM extract and correlated with
Coomassie staining.
AS particles were prepared by filtration of A particles
through Sephadex column and were characterized by an
ATPase activity of 8.6F 0.5 U/mg measured in free
solution. Immunoblotting demonstrates they contain a
minimal quantity of IF1 (Fig. 5B, lanes 3), according to
Ref. [18]. 1D BN-PAGE stained with Coomassie (Fig. 5A,
lane 3) shows that Triton extraction yields both Vmon and
Vdim in the usual ratio, while DDM extracts only the
monomer of the ATP synthase (Fig. 5A, lane 1). The 2D
SDS-PAGE of the bands corresponding to Vmon and
Vdim demonstrated that both of them contain the F1 and
F0 sector of ATP synthase with negligible contaminations
of other mitochondrial proteins (data not shown). The fact
that Vdim can be extracted from AS particles by Triton
confirms that dimerization cannot be due to cross linking
through the IF1. In addition, activity staining (Fig. 5C, lane
3) clearly shows that Vdim from AS particles is inactive,
even though no IF1 is bound.
Next, IF1 was titrated back into AS particles sufficiently
to inhibit ATPase activity by 50% and 85%, as determined
by spectrophotometric assay. Solubilization with Triton or
DDM did not significantly alter the degree of inhibition.
However, in all cases (Fig. 6), the ATPase activity of the
extract with Triton was about 40% lower than that of the
particles solubilized with DDM. This is similar to the
differential obtained with untreated particles (above),
where it was felt to represent the presence of inactive
dimer in the Triton extracts. The ATPase activity resulting
from extraction of AS (inhibitor deprived) particles here is
comparable with that reported for the purified ATP syn-
thase complex [27]. The degree of inhibition can also be
seen in the activity staining (Fig. 5C, lanes 2, 4 and 5),
which becomes less intense upon binding of increasing
amounts of IF1. Immunoblotting titration with F1 and IF1
standards (data not shown) estimated that at the maximal
inhibition obtained the total IF1 content was 0.8 mol IF1/
mol F1.
The inhibition profile by IF1 deserves a further com-
ment. If Vdim is inactive per se, such a profile is
consistent with inhibitory interaction of IF1 on Vmon only,
and is independent of IF1 binding to Vdim. Thus, immu-
noblotting of the Triton extract indicates that IF1 binds
both to Vmon and Vdim (Fig. 5B), while the activity
staining (Fig. 5C) clearly shows that changes of activity
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occur in Vmon only. In this context, it is noteworthy that a
fragment of IF1 that contains the inhibitory residues, but
lack the amino acid sequence required for dimerization, is
able to inhibit the enzyme [28].
In addition, Coomassie staining of 1D BN-PAGE of the
Triton extract shows that the Vmon/Vdim ratio does not
significantly change as the IF1 content of AS particles is
increased (Fig. 5A, lanes 4 and 5). Thus, IF1 binding does
Fig. 5.
Fig. 4.
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not appear to promote, or hinder, the formation of dimers
of the ATP synthase. Neither the formation of ATP
synthase dimers, nor their lack of activity, appears to be
influenced by the binding of IF1 in this experimental
model.
3.3. The effects of metabolic state on ATP synthase
dimerization
The activity of mitochondrial enzymes, particularly the
ATP synthase, is known to be mediated by metabolic state
[29]. To check whether different metabolic conditions
influence the Vmon/Vdim ratio, heavy mitochondria were
freshly prepared and incubated (i) with succinate alone (to
maximize the membrane potential and promote IF1 release);
(ii) with succinate and ADP, to induce ATP synthesis; or (iii)
with succinate and FCCP, to collapse the transmembrane
potential and induce IF1 binding to ATP synthase [6]. When
these mitochondria were extracted by Triton and analyzed
by 1D BN-PAGE, a very similar Vmon/Vdim ratio is
obtained from samples incubated under all three metabolic
conditions (Fig. 7). This suggests that the monomer/dimer
content is insensitive to metabolic state of the mitochondria.
A similar situation has been concluded to occur in yeast
mitochondria [12]. In addition, the Vmon/Vdim ratio is
resulted comparable to that observed in mitochondria frozen
and thawed one time (Fig. 1).
4. Discussion
This study demonstrates that a dimer of the mitochon-
drial ATP synthase is present in Triton extracts of bovine
Fig. 7. ATP synthase monomer and dimer under different metabolic
conditions in heavy bovine heart mitochondria. Freshly prepared heavy
bovine heart mitochondria, incubated with 5 mM succinate alone (lane 1) or
in the presence of 2 mM ADP (lane 2) or 10 AM FCCP (lane 3), were
solubilized by Triton X-100 and subjected to 1D BN-PAGE. The gel was
stained with Coomassie (A) or exposed to histochemical staining for the
ATPase activity (B). Vdim is 32F 2% of the total quantity of ATP synthase.
Abbreviations are as in Fig. 1.
Fig. 6. Inhibition of ATPase activity by IF1 in the Triton X-100 and DDM
extracts of AS particles. One milligram of AS particles were incubated
without (empty bar) or with purified IF1 at F1/IF1 molar ratio of 1:1.5
(striped bar) or of 1:6 (black bar), as described in Materials and methods.
AS particles were then treated with DDM or with Triton X-100 and
aliquots of the extracts were diluted into the assay mixture for the ATPase
activity. The values are expressed as Units/mg of protein, but the values
of DDM samples have been redoubled with respect to the measured
values, because the ATP synthase is only 50% of the OXPHOS
complexes extracted by DDM (see Fig. 5A). Data are meansF S.D. of
three independent experiments. Insert: the percentage ratio between the
ATPase activity of the Triton X-100 and DDM extracts at all IF1
concentrations is shown.
Fig. 4. Characterization of ATP synthase monomer and dimer in submitochondrial particles with different IF1 content. (A) Mg-ATP submitochondrial particles
solubilized with DDM (lane 1) or with Triton X-100 (lane 3) and A particles solubilized with DDM (lane 2) or with Triton X-100 (lane 4) were resolved on 1D
BN-PAGE and stained with Coomassie. Abbreviations are as in Fig. 1. (B) The resolved bands on 1D BN-PAGE were excised and analysed in silver-stained
2D SDS-PAGE for subunits composition, as indicated in Fig. 1. Vmon (lane 1) and Vdim (lane 2) from Mg-ATP particles, Vmon (lane 3) and Vdim (lane 4)
from A particles. (C) 1D BN-PAGE of A particles (lanes 1 and 2) and Mg-ATP particles (lanes 3 and 4) solubilized with DDM (lane 1 and 3) or Triton X-100
(lanes 2 and 4) were histochemically stained for ATPase activity. (D) Vmon and Vdim bands were excised from 1D BN-PAGE lanes loaded with 15 Ag of
Triton X-100 extract from Mg-ATP particles (lanes 5 and 6) and A particles (lanes 7 and 8) and subjected to 2D SDS-PAGE and immunoblotting with
antibodies anti F1 (a) and anti IF1 (b). Solutions of purified F1 (a) or IF1 (b) were used as standards. (a) Lanes 1, 2, 3, 4: 0.25–0.5–1.0–2.0 Ag of F1. (b) lanes
1, 2, 3, 4 : 0.005–0.01–0.02–0.04 Ag of IF1.
Fig. 5. Interaction of IF1 with the two oligomeric states of ATP synthase in AS particles. AS particles before (lanes 1 and 3) and after (lanes 2, 4 and 5) IF1
addition to obtain 50% (lane 4) and 85% (lanes 2 and 5) of inhibition were solubilized with DDM (lanes 1 and 2) or with Triton X-100 (lanes 3, 4 and 5)
and subjected to 1D BN-PAGE. The gel was stained with Coomassie (A) or exposed to histochemical staining for ATPase activity (C). The extract
quantities loaded in (A) contained 10 Ag of protein, while those loaded in (C) contained 20 Ag of protein to detect even small level of activity in Vdim. (B)
Immunoblotting with antibodies anti-IF1 was performed as in Fig. 3B on the Vmon and Vdim separated by 1D BN-PAGE in lanes 3, 4 and 5 of (A).
Abbreviations are as in Fig. 1.
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heart mitochondria. It is suggested that this reflects dimeri-
zation of the ATP synthase in the mitochondrial membrane.
A dimeric form of the enzyme has been detected independ-
ently by Schagger et al. [12–14], in yeast and bovine
mitochondria subjected to BN-PAGE. Nevertheless, in
mammalian mitochondria, these authors observed Vdim
using low concentration of DDM, but not using Triton
[13,14]. In fact, although they also reported that Triton
mainly extracted complex V, this latter was only in mono-
meric form. Such discrepancy with respect to our study
might be a consequence of the different extraction protocol
used. In fact, they incubated the mitochondria with deter-
gent on ice for 20 min [12] before the centrifugation, while
we observed that such incubation with Triton significantly
increased the Vmon/Vdim ratio.
Detergent extraction and BN-PAGE is a powerful tool,
which has been used to detect not only the supramolecular
structure of the ATP synthase, but also those of the respi-
ratory chain carriers [13,14]. Based on these data, a new
paradigm of the organization of the mitochondrial respira-
tory complexes has been proposed, according to which the
complexes are not randomly distributed, but form a network
within the inner membrane named ‘‘respirasome’’ [13,14]. It
is unlikely that ATP synthase dimerization we observed
results from the extraction process, since the combination of
neutral detergents and the anionic Coomassie dye during
BN-PAGE tends to leads dissociation rather than aggrega-
tion of the OXPHOS complexes [13].
If ATP synthase complexes interact in this way with
each other within the mitochondrial membrane, a putative
candidate for the site of interaction might be the ATPase
inhibitor protein, IF1. IF1 is known to dimerize in solution
[8], and the dimer has recently been shown to interact with
two molecules of soluble F1 simultaneously [9,11]. If it did
this in the membrane, it might be responsible for dimeri-
zation of the ATP synthase complex, and dimerization
might therefore be closely linked to regulation of the
complex by IF1.
In this study, we used Triton extraction and BN-PAGE
followed by 2D SDS-PAGE and immunoblotting to quantify
IF1 bound to F1 in the monomeric and dimeric form of ATP
synthase. The values of F1 content determined in whole
mitochondria (Fig. 3) and in submitochondrial particles (Fig.
4) are comparable to those already obtained for detergent-
untreated mitochondria by a different experimental approach
[30] and for detergent-untreated submitochondrial particles
using SDS-PAGE and immunoblotting [31]. In addition,
comparable values of IF1/F1 ratio to those obtained in Figs.
3 and 4 have been reported for cardiac mitochondria [5] and
for Mg-ATP and A particles [32], although all these prepa-
rations were not solubilized with detergents and the values
were determined by different techniques. Then, it can be
concluded that our procedure of Triton extraction and BN-
PAGE does not remove F1 nor IF1 from ATP synthase.
The results of the current study clearly shows that (a)
formation of the ATP synthase dimer detected by BN-
PAGE is not linked to the presence of IF1 (as it occurs
equally in IF1-deprived and IF1-rich membranes), and (b)
the ATP synthase dimer is inactive even when it contains
no IF1.
Furthermore, no variation in subunit composition
between ATP synthase monomer and dimer could be
detected in the present study. In particular, both com-
plexes contained roughly constant proportions of both IF1
(by direct immunochemical determination) and subunits e
and g (by densitometry), with these latter being identified
dimer-specific in yeast mitochondria [12]. Even in the
mammalian enzyme, however, F0 subunits could play a
role in dimer formation. In support of this hypothesis may
be the finding that the structural coupling between F0 and
F1 is better in Triton extracts with respect to DDM,
suggesting that Triton is able to maintain the interactions,
likely through F0 subunits, responsible for the ATP
synthase dimerization. The interaction of the two com-
plexes in the dimer did not appear to involve hydrophobic
protein surfaces, because we observed that Triton did not
dissociate Vdim even at low ionic strength (data not
shown).
Contrary to our data showing the dimer inactive irre-
spective of IF1 content, in yeast mitochondria, both mono-
mer and dimer were roughly equally active on 1D BN-
PAGE [33]. However, digitonin was used in this case
instead of Triton. Then, an influence of the detergent on
the catalytic activity of the dimer cannot be excluded upon
our procedure, although we demonstrated that in Triton
Vmon is active and maintains a native structure showing
the sensitivity to both oligomycin and DCCD. On the other
hand, dimers with different catalytic properties could exist
in mammalian and yeast. In this context, it is noteworthy
that a dimer has been shown to form in yeast even in the
absence of dimer-specific subunits e and g [12], which has
been ascribed to interactions through subunit b [33]. This
suggests that different dimers can form in membranes.
Here the ATPase activities were measured on the
individual complexes separated by electrophoresis. It is
likely that the dimer is stable and inactive also in free
solutions. Under these conditions, the Triton extracts from
bovine submitochondrial membranes had about 40% lower
ATPase activity than the DDM extracts, irrespective of
inhibitor content. A similar behavior has been observed
also in the detergent extracts of intact mitochondria. Since
1D BN-PAGE demonstrates that 37% of the ATPsynthase
complexes are dimeric only in the Triton extract, the lower
activity may be consistent with the presence of inactive
dimer even in solution, taking also into account that on 1D
BN-PAGE the specific activity of Vmon appears similar in
Triton and DDM (Fig. 4).
Our observation that the ATP synthase dimer is inac-
tive, whatever the reason for aggregation, still allows the
possibility of modulation of mitochondrial activity by
modulation of the monomer/dimer ratio in vivo. The
formation of the ‘‘respirasome’’ is accompanied by cata-
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lytic enhancement and seems to reflect the cell energy
demand [13,14]. In contrast, the present study demon-
strates that formation of the inactive ATP synthase dimer
is not regulated by the energetic state in bovine heart
mitochondria. It has been reported that ATP synthase
dimer formation is also independent of energy state in
yeast mitochondria [12]. Thus, we agree with Schagger et
al. [12] that in mitochondria, a dimeric state of ATP
synthase may be a stable structure, which could serve to
accommodate more protein in the membrane. On the other
hand, experiments are now being performed to investigate
the possibility of an additional role of ATPsynthase dime-
rization in mitochondrial morphology even in mammalians,
as recently described in yeast [33].
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